Study Design. A retrospective clinical review. Objective. To evaluate the sagittal correction efficacy of a thoracic pedicle subtraction osteotomy (PSO), to determine and predict changes at both the cervical and lumbar mobile unfused segments after whether an upper or lower level thoracic PSO. Summary of Background Data. Thoracic PSO is a technically challenging but increasingly valid procedure in the treatment of fixed thoracic deformities. Anatomical characteristics differentiate upper and lower segment thoracic PSOs and define its corrective ability. There is yet paucity in the literature concerning the causality between the osteotomy level and the reciprocal changes observed postoperatively at the adjacent unfused curves. Methods. Data collection from a single institutional database was carried out retrospectively by reviewing medical records and imaging of fixed thoracic kyphotic deformity patients submitted to a single level thoracic PSO. Results. Seventeen patients (11M:6F), with a mean age of 44 years (range, 17-76). Fifty-nine percent had a previous spine surgery. The mean follow-up was of 55 months (range, 27-122). In six patients PSO was performed in the upper thoracic segment (T1-T6) and in 11 patients between T7 and T12 (lower thoracic segment), allowing a mean local kyphosis correction of 318 and 418 respectively. The mean cervical and lumbar lordosis globally improved. The upper thoracic PSO group had a significant improvement of the cervical lordosis with a mean C7 slope correction of 288 (P ¼ 0.004), whereas in the lower thoracic PSO group a more pronounced correction of the maximal lumbar lordosis was observed (228, P ¼ 0.033). Conclusion. After a fixed sagittal thoracic deformity, the predominant lordotic compensation seems to occur at the nearest mobile curve from the deformity apex. The PSO-induced restoration of the thoracic kyphosis relieved the compensatory cervical and/or lumbar excessive lordosis, which were present preoperatively and are now no longer needed to achieve balance and maintain horizontal gaze.
T he surgical treatment of fixed thoracic deformities, classically a combined 3608 intervention and based in an anterior approach to offer release or grant anterior column support followed by a posterior instrumented fusion, can lead up to a 32% perioperative complication rate. [1] [2] [3] [4] Since the first report of a pedicle-based subtraction osteotomy (PSO) performed in the lumbar spine to treat ankylosing spondylitis, 5 PSO soon became a popular procedure, with indications wide-spreading to become one of the key surgical techniques available to correct fixed sagittal deformities. 6 Through a single posterior approach, more comfortable for some surgeons, PSO offers the advantage of avoiding the complications potentially associated with an anterior exposure. 1, 4 By acting through all three columns of the spine, the reduction is done in compression, which grants an increased bone-to-bone contact, directly promoting fusion. The anteriorly based wedge avoids a potentially hazardous anterior column distraction. When performed at the thoracic spine, PSO is believed to be a more technically challenging procedure 7 because of spinal cord vulnerability and structural rigidity of the rib cage, 8 potentially limiting its correction ability.
The presence of spinopelvic compensatory mechanisms, acting in an harmonious relation to achieve balance and maintain horizontal gaze, has been well documented. 9, 10 The involved muscle effort necessary to activate these compensatory mechanisms can be clinically relevant and its inneficacy can ultimately result in severe disability. 11 There is yet paucity in the literature concerning the dependency between the vertebral level in which the osteotomy is performed and the reciprocal changes observed postoperatively at the unfused curves.
The purpose of this study was to evaluate the sagittal correction efficacy and safety of a posterior thoracic PSO in the treatment of severe thoracic deformities.
Our secondary goal was to point out the implication of the thoracic kyphosis correction on the reciprocal changes potentially observed in the postoperative mobile segments, that is, the unfused cervical and lumbar curves.
With that objective in mind, we evaluated and quantified the cervical and lumbar changes in the sagittal plane that were induced by the thoracic osteotomy and then compared the upper thoracic segment PSOs (from T1 to T6) with the lower thoracic segment PSOs (from T7 to T12) to determine if these compensatory changes were different and predictable regarding the level of the osteotomy.
MATERIALS AND METHODS
Data collection was carried out retrospectively by reviewing all the medical records from a single institutional database. Demographic data, previous surgical treatment, and medical or surgical complications were recorded.
Standing full-length radiographs of the spine were obtained (EOS Imaging, Paris, France) preoperatively, postoperatively, and at most recent follow-up. Measurements were made using Surgimap Spine software (DICOM Medical Imaging Software, Nemaris Inc., New York, NY).
Local and global sagittal, as well as the pelvic parameters, were measured.
Statistical analysis: Paired T tests were used on all numerical data (mean preoperative versus postoperative values). P <0.05 was considered statistically significant. Calculations were made using SPSS software (SPSS, Chicago, IL).
Patient Population
All patients in the study population presented intractable pain, persistent after at least 6 months of conservative treatment and directly related to documented symptomatic thoracic kyphotic deformity, determined to be rigid. The thoracic sagittal deformity was secondary to posttraumatic nonunion/mal union, Scheuermann disease, degenerative kyphoscoliosis, proximal junctional kyphosis, and ankylosing spondylitis. The selected patients were submitted to a single level thoracic PSO.
Surgical Technique
Through a posterior median approach, a subperiosteal dissection was carried out, exposing the posterior spinal elements.
When applied, at this stage any previous instrumentation was removed. Pedicle screws were inserted, usually three levels above and three below the PSO level.
After fluoroscopic confirmation of the correct osteotomy level, preparatory holes were made in the pedicles at the level of the PSO, as guidance for the resection that follows. A wide laminectomy was performed, and the costotransverse joint was exposed bilaterally.
The rib heads were disarticulated and resected together with the transverse processes, allowing a progressive exposure of the lateral aspects of the vertebral body. The neurovascular bundle was identified and preserved; special care was taken to not violate the parietal pleura.
The pedicles and the vertebral body were progressively decancellated using rongeurs, curettes, and high-speed drilling.
Three osteotomes were used to perform the transpedicular wedge resection.
The posterior wall of the vertebral body was anteriorly impacted.
Prebent rods were gently and progressively persuaded to the screws. A domino system connected the temporary rods and compression was applied to achieve PSO closure. If possible, single definitive rods later replaced the domino system bilaterally.
Sometimes, it was necessary to perform an adjacent level laminotomy to mechanically allow the closure of the osteotomy, thus avoiding any dural kinking.
To achieve fusion, local autologous morcellized graft (mixed with powder vancomycin in the more recent cases) was placed after decortication of the spinal posterior elements.
Neurophysiological monitoring with somatosensoryevoked potentials and transcranial motor-evoked potentials was used in all cases.
A computer-assisted navigation system (O-arm Surgical Imaging with StealthStation, Medtronic, Minneapolis, MN) was used in selected revision cases.
RESULTS

Patient Demographics
We selected 17 patients, consecutively operated by the same surgical team at a single medical center between 2005 and 2013.
The average age was 44 (range, 17-76), with a body mass index of 23 kg/m 2 . Ten patients out of 17 (59%) had undergone previous spine surgery at a directly related level.
Eleven patients were males, against six female patients. The thoracic sagittal deformity was secondary to posttraumatic nonunion/mal union (five patients), Scheuermann disease (five patients), degenerative kyphoscoliosis (four patients), proximal junctional kyphosis (two patients), and ankylosing spondylitis (one patient).
According to the American Society of Anaesthesiologists (ASA) physical status classification system, six patients were healthy (ASA 1), four patients presented a mild systemic disease (ASA 2), and seven presented a severe systemic disease (ASA 3).
A single level PSO was carried out in the thoracic spine (Table 1) .
A computer-assisted navigation system was used in 50% of the reinterventions, and in 35% of the patients overall.
The mean follow-up after surgery was of 55 months (range, 27-122 months).
Radiological Outcomes
The local kyphosis correction was on average 388 and the average thoracic kyphosis decreased from 758 to 508 (Table 2) .
Both the mean cervical and lumbar lordosis globally improved (Table 3) .
Upper and lower thoracic PSOs showed a mean local kyphosis correction of 318 and 418, respectively.
The upper thoracic PSO group had a statistically significant improvement of the cervical lordosis with a mean C7 slope correction of 288 (P ¼ 0.004) ( Figure 1A and B), whereas in the lower thoracic PSO group a more pronounced correction of the maximal lumbar lordosis was observed (228, P ¼ 0.033) (Figure 2A and B) ( Table 4) .
Complications
We observed early and late complications in 35% and 24% of the patients, respectively. There were no reported neurologic complications or any evidence of screw misplacement.
Four patients had local complications: a postoperative infection was because of hematogenic dissemination from a urinary tract infection and was treated with irrigation and debridement without the removal of the instrumentation. A radicular pain corresponded to a transient T7 disesthesia at the same level of the performed PSO. Another patient had a delayed wound healing that did not require surgical intervention. A late infection was because of spinous processes and instrumentation protrusion and erosion through the skin. It required irrigation and debridement, removal of both the spinous processes and the exposed rod.
Four patients developed a pleural effusion.
There was an absence of early structural complications. Three patients had late structural complications. One of the patients presented a radiographic finding of an upper plateau fracture of the most proximal vertebra after a minor fall, which was considered to be a junctional kyphosis. Of the two patients with proximal junctional kyphosis, both had no implant failure and were treated conservatively.
Another patient presented a unilateral rod fracture in L5-S1, but had an established interbody fusion at the same level, so no intervention was required.
DISCUSSION
As the use of PSO in the lumbar spine became increasingly frequent, the first reports of its application at the thoracic spine were included in larger lumbar PSOs series. Lehmer The local kyphosis was defined by the angle across the upper and lower endplates of the vertebra chosen to perform the osteotomy. The thoracic kyphosis resulted from the angle formed by the lines drawn across the upper and the lower endplates of T1 and T12, respectively. The cervical lordosis (C2-C7), the lumbar lordosis (L1-S1), and the maximal lumbar lordosis (between the most proximal lordotic vertebra included in the lumbar curve and S1) were measured using a Cobb angle technique. The C7 slope was the result of an angle formed between the upper endplate of C7 vertebra and a horizontal line. The T1 Spinopelvic inclination (T1-FH) is the angle formed between a vertical line and the line drawn from the center of the femoral heads to the center of T1 vertebral body. The sagittal vertical axis (SVA) was defined as the horizontal offset between a C7 plumb line and the posterior superior corner of the sacrum. thoracic PSO (T7 to T11) because of kyphoscoliosis and reported a kyphotic correction of 23.58. Yang et al 8 reviewed 35 adult patients, submitted to either a thoracic (seven patients) or a lumbar PSO. After thoracic PSO, the local kyphotic correction was 11.18, which could explain why the authors assumed that lumbar PSO was associated with improvements in local, segmental, and global measures of sagittal balance, whereas thoracic PSO was only associated with local improvement. O'Shaughnessy et al 7 presented the first study including 15 patients in which PSOs were performed throughout the entire thoracic spine (mean of 1.7 PSO levels per patient). The local kyphotic correction achieved was 16.38 AE 9.68, and the median thoracic kyphosis correction of 21.48 AE 13.78, having the distal thoracic segments rendered the greatest sagittal correction of approximately 248. In our study, a lower thoracic T7-T12 PSO achieved an average correction of 41-, 10-more than the average correction achieved in the upper thoracic segment (T1-T6). PSO is based on a closing wedge resection osteotomy hinged at the anterior vertebral body cortex. The thoracic vertebral body is smaller, triangular shaped, and as documented by the increased incidence of osteoporotic fractures on this particular vertebral segment, usually more fragile than its counterpart in the lumbar spine. The vertebral body and pedicles size and geometric conformation also vary along the thoracic spine: the height and width of the vertebral body and its relation with the pedicle height increase as more distal we get. Proportionally, the potential degree of local and global sagittal correction increases with a lower based thoracic PSO, and it is likewise limited by each anatomical level characteristic. 15, 16 The risk of planum fracture or translation with thoracic PSO closure has led some authors to modify the technique, preferentially performing a vertebral column resection at the upper thoracic levels. 7 Zeng et al 17 compared both procedures in the upper thoracic segment, in a 15 patient post-tuberculosis population, achieving similar outcomes and lesser complications in the PSO group. We take special care during the anterior wedge resection, to avoid an anterior apex fracture and consequent bayonet effect because it can be associated with a consequent loss of correction and neurological damage.
Complications
Bridwell et al 18 well documented the complications after 66 lumbar PSOs. Thirty percent of the patients had early complications, including 8% with neurological deficits requiring further decompression, 14% with several medical problems, 5% with incomplete sagittal alignment correction, and 3% with adjacent level decompensation. The late complications involved 18% of the patients and were all structural complications, 12% with implant failure/pseudarthrosis in the thoracic or lumbar spine and 6% with instrumentation breakdown or protrusion in the sacroiliac junction. Kim et al 19 described an overall incidence of new neurological complications of 19.5%. O'Shaughnessy et al 7 after a 3.5-year follow-up involving 15 patients submitted to thoracic PSOs, reported up to 53% of medical complications (two embolic events, two small bowel obstructions, three pleural effusions, and one posterior cerebral artery stroke). The authors described two early vertebral collapses and one segmental translation. As late structural complications two patients presented a proximal junctional kyphosis, whereas other two had evidence of pseudarthrosis. Bakaloudis et al, 14 who performed a single-level thoracic PSO for the treatment of severe pediatric deformity in a 12-patient group, reported 42% of medical complications, and observed a screw misplacement in 25% of the patients (considered safe zone). Yang et al 8 reported early and late complication rates that ranged from 10 to 30% for both thoracic and lumbar PSO cohorts with a tendency for an increased incidence of proximal pull-out in the instrumentation of the thoracic group, attributed to the stress forces resulting from a cantilever reduction maneuver.
El-Sharkawi et al 4 reported a mean loss of kyphosis correction in the anterior corpectomy and plating group of 3.48, pointing out that there was no evidence of loss of correction in the PSO group.
At final follow-up, we observed an average local kyphosis correction loss of 38, and a thoracic kyphosis loss of 28, which could just correspond to a measurement error and is not expected to have any major clinical repercussion. The loss of correction in either case is usually observed in the early follow-up period. 19 We found thoracic PSO to be a safe, single-stage procedure, accomplished because of the actual standardization of care. With the increasing surgical complexity and subsequent revision rates, navigation makes the osteotomy procedure possible even when there is a complete inexistence of posterior anatomical references.
Reciprocal Changes
Smith et al 20 first described the compensatory changes in spinal alignment outside the fused spinal elements that occur after surgical correction. After surgical correction of sagittal malalignment with a lumbar PSO and through reciprocal changes, the authors stated an improvement of the abnormal excessive cervical lordosis. This is supported by the fact that patients with sagittal malalignment compensate with abnormally increased cervical lordosis to maintain a horizontal gaze. Ha et al, 21 in a 49-patient group who had undergone surgical correction of a thoracolumbar deformity by means of an osteotomy (without detailing the performed osteotomy vertebral level), provided evidence that postoperative reciprocal changes are expected in the cervical spine and are affected by the preoperative sagittal alignment. Klineberg et al 22 recently reported that a thoracic osteotomy with limited fusion for correction of kyphosis results in a spontaneous reciprocal decrease in lordosis within the unfused lumbar spine. Lamartina and Berjano 23 identified deformity patterns as a result of combining regional deformities and compensatory mechanisms, providing a comprehensive classification that could be helpful in selecting the most appropriate surgical correction method.
This present study suggests that after a fixed sagittal thoracic deformity, the major lordotic compensatory mechanism seems to occur at the nearest mobile curve from the apex of the deformity. Because of the involved compensatory mechanisms, as shown by the sagittal vertical axis (SVA), most of the patients were globally balanced. We could observe that in the attempt to achieve sagittal balance and through muscle effort, an upper thoracic deformity appears to compensate predominantly by exaggerating the cervical lordosis, whereas a lower thoracic deformity does so by increasing the lumbar lordosis. Due to spinal rigidity, in the ankylosing spondylitis case no reciprocal changes were found.
The C7 slope seems to be an increasingly useful parameter to observe cervical reciprocal changes, especially in the upper thoracic deformity group. Furthermore, we found a predictable variation of a predominant postoperative cervical or lumbar compensation based on the performed osteotomy level: upper thoracic osteotomies yield a predominant reciprocal change through the cervical spine (as supported by a P ¼ 0.004 difference between the preoperative and postoperative C7 slope in the upper thoracic osteotomy group). Lower thoracic osteotomies yield a predominant reciprocal change through the lumbar spine (as supported by a P ¼ 0.033 difference between the preoperative and postoperative maximal lumbar lordosis in the lower thoracic osteotomy group). If these adapting mechanisms result in any postoperative repercussion, whether in preventing clinical symptoms or radiological signs of accelerated cervical degenerative disease, that fact remains unknown and further studies will likely be needed. Independently of which reciprocal changes occur after an upper or lower thoracic PSO, by comparing both the upper and lower thoracic segment cervical parameters, we found that although both groups had totally different preoperative values, they achieved very similar C7 slope and C2-C7 angle postoperative values, probably because of a harmonic effort to achieve sagittal balance. After surgical correction, these reciprocal changes relieve the compensatory cervical and/or lumbar hyperlordosis present preoperatively, which are no longer needed to maintain balance and horizontal gaze.
Key Points
After a fixed sagittal thoracic deformity, the major lordotic compensation seems to occur at the nearest mobile curve from the apex of the deformity. Thoracic PSO is a safe, reproducible, and singlestage technique that grants an average local kyphosis correction of 418 in the lower segments and 318 in the upper thoracic segments, without any relevant loss during follow-up after fusion is achieved. Upp er thoracic osteotomies yielded a predominant reciprocal change through the cervical spine, whereas lower thoracic osteotomies yielded a predominant reciprocal change through the lumbar spine. The restoration of a more physiological thoracic kyphosis relieved the compensatory cervical and/ or lumbar excessive lordosis, which were present preoperatively and are no longer needed to maintain balance and horizontal gaze.
